Objective: The aim of this paper is to quantitatively investigate the thermal effects generated by the pre-focal interactions of a HIFU beam with a rib cage, in the context of minimally invasive transcostal therapy of liver malignancies. Materials and methods: HIFU sonications were produced by a phased-array MR-compatible transducer on Turkey muscle placed on a sheep thoracic cage specimen. The thoracic wall was positioned in the pre-focal zone 3.5 to 6.5 cm below the focus. Thermal monitoring was simultaneously performed using fluoroptic sensors inserted into the medullar cavity of the ribs and high resolution MR-thermometry (voxel: 1 Â 1 Â 5 mm 3 , four multi-planar slices). Results: MR-thermometry data indicated nearly isotropic distribution of the thermal energy at the ribs' surface. The temperature elevation at the focus was comparable with the pericostal temperature elevation around unprotected ribs, while being systematically inferior, by more than a factor of four on average, to the intra-medullar values. The spatial profiles of the pericostal and intra-medullar thermal build-up measurements could be smoothly connected using a Gaussian function. The dynamics of the post-sonication thermal relaxation as determined by fluoroptic measurements was demonstrated to be theoretically coherent with the experimental observations. Conclusion: The experimental findings motivate further efforts for the transfer towards clinical routine of effective rib-sparing strategies for hepatic HIFU.
Introduction
According to the National Institutes of Health, 'cancer is the leading cause of death in developed countries and the second leading cause of death in developing countries'. Liver cancer is a major public health issue and a considerable source of concern as the liver is a frequent site for both primary and secondary tumours [1] -approximately 48 700 new cases and 43 300 deaths annually [2] in Europe, i.e. an incidence and mortality rate of respectively 16/100,000 and 15/100 000. Metastatic tumour deposits occur most frequently in the liver. A significant proportion (50-70%) of patients diagnosed with colorectal cancer will later develop liver metastasis. Hepatic resection or liver transplantation are curative treatments for liver cancer in selected patients (e.g. 15% for hepatocellular carcinoma and 40% of colorectal metastases), but may have a high associated incidence of recurrence, even after multiple resections or ablations [3, 4] . Hepatic metastases are also the major cause of morbidity and mortality in patients with gastrointestinal carcinomas.
High intensity focused ultrasound (HIFU) is a therapeutic approach that is both flexible and minimally invasive. The fundamental principle of HIFU treatment consists of inducing sharply delineated lesions around a focal point and deep within the tissue, while preserving intact all adjacent structures [5] . Magnetic resonance imaging offers excellent anatomical delineation of tumours and is capable of measuring post-treatment functional changes and predictors of treatment success, such as non-perfused volumes (NPV) [6] . Overall, MRI provides excellent capabilities for spatial guidance and on-line control of HIFU therapy and is currently the only validated technique for non-invasive temperature measurement within biological tissue. MR thermometry (MRT) based on the proton resonance frequency (PRF) shift versus temperature provides a tissue-independent, linear method to measure the relative temperature change in tissue from the physiological baseline to the boiling point [7, 8] . Online temperature maps can be used for active feedback control of the HIFU treatment [9] [10] [11] . Preparatory MR-ARFI maps are an elegant adjunct for in situ confirmation of precise focusing before the ablative sonication [12] [13] [14] .
Various reports are available describing feasibility studies [15, 16] or established clinical applications [17] of minimally invasive ablation using extracorporeal HIFU. There are, however, significant challenges associated with the application of magnetic resonance-guided HIFU (MRgHIFU) for the treatment of abdominal organs (such as the liver, pancreas or kidney) due to (1) motion-related proton resonance frequency shift (PRFS) thermometry artefacts, (2) moving target location caused by breathing and (3) the need for a high acoustic power output to compensate for high perfusion and a restricted acoustic window. There thus exists a high risk of side effects caused by undesired heating in the near and far field. For the treatment of patients with unresectable liver metastases and hepatocellular carcinoma, MRgHIFU is potentially an innovative local ablative therapeutic alternative. However, very few hepatic MRgHIFU treatments have been reported [18] [19] [20] , despite the large number of patients potentially eligible for such a treatment. Furthermore, in each of the previously cited reports, the subxiphoid acoustic window was used, excluding intercostal sonication. Therefore, to the best of our knowledge, MR thermography data for HIFU-induced rib heating in patients is not yet available. Importantly, in experimental models, HIFU was demonstrated to be clearly superior to RFA in coagulating tumours close to major blood vessels because of the shorter time scale and mm range accuracy of the heat deposition [21] .
One of the main challenges for transcostal HIFU therapy in abdominal organs is avoiding the known high risk of collateral heating and thermal damage to the ribs and the tissue surrounding the ribs. In a clinical study by Jung et al. [22] , the MR follow-up of US-guided intercostal HIFU treatment indicated systematic lesions of the rib cage. All hepatic tumour patients had necrosis of the ribs along the main ultrasound beam path. Delayed complications in hepatic tumour patients included a diaphragmatic rupture and rib fractures along the ultrasound pathway [22] . Several methods have been proposed to solve this problem, using either US or MR guidance; however, none of the solutions below have yet been evaluated under clinical conditions:
Design of a linearly segmented transducer with elements arranged in strips and with selective deactivation of edge elements [23] . Similar to Civale et al. [23] but using 2D phased array, selective deactivation of emitting elements that fall in the shadow (conical projection) of the ribs has been investigated [24, 25] . Adaptive focusing using multi-element transducer devices capable of working in both transmit and receive mode [26, 27] . Synthesis of multiple-focus ultrasound heating patterns through the human rib cage [28] based on a hybrid rayphysical optics (HRPO) model. MR-guided external shielding of acoustic obstacles (e.g. the ribs) was investigated to avoid unwanted pre-focal energy deposition in the pathway of the focused ultrasound beam [29] . A physical mask was inserted in the pre-focal beam pathway, external to the body, to block the energy normally targeted on the ribs. Non-linear propagation in a high-intensity focused ultrasound (HIFU) field produced by a therapeutic phased array [30] which may yield an increase in heating of tissue behind a rib cage. Rather than suggesting novel methods for rib sparing during intercostal HIFU sonication, the aim of this current study was to investigate in-depth the thermal effects generated by the HIFU beam's interaction with the rib cage. The diameter of the ribs and the spacing between the ribs are several times larger than the acoustic wavelength of the applied HIFU beam; however, the diffraction effects are still significant and any rib-sparing method (e.g. beam shaping, shielding, element deactivation) can only partially reduce the rib heating during sonication. Understanding and modelling the underlying phenomena when the rib cage is exposed to the pre-focal HIFU field at a more fundamental level may also help when defining guidelines and criteria for treatment safety.
The present study was motivated by preliminary findings reported by both ourselves and other research groups. For example, in Figure 3 (B) (p. 189) of the cited report [22] , the shape of the contrast agent uptake is circular around the perimeter of the exposed ribs (visualised 2 weeks posttreatment). That geometry of rib lesion is not indicative of the direction of the incident HIFU beam; that is, the lesion on the external facet of the rib (side facing towards the emitting HIFU transducer) is not more significant than the lesion found on the internal facet (side facing towards the diaphragm and liver). Similar findings were reported in experimental studies using online MR thermometry by Salomir et al. [29] , of most interest are Figures 6(C) (p. 374), 7F (p. 375) and 9E-F (p. 377). The thermal build-up around the sonicated ribs, in a plane perpendicular to those ribs, appears to be radially symmetric in first approximation (within 10% range), for various conditions (ex vivo, post-mortem animal and in vivo animal). From the published data it can be seen that the external and internal facets of the rib underwent similar temperature elevation during the sonication. This was confirmed with follow-up imaging ( [29] , Figures 8C-D) (p. 376) and post-mortem gross pathology ( [29] , Figures 8A-B) (p. 376), which demonstrated burning of the liver capsule and parenchyma due to rib contact and fibrotic attachment of the parietal surface of the liver to the thoracic wall.
One purpose of this work was to investigate the pericostal thermal effects more systematically and in a quantitative way. Another purpose was to obtain 'gold standard' temperature data from the medullar cavity inside the rib during HIFU sonication, knowing that MR methods of thermography within bone marrow are under development [31] and not yet fully validated.
We therefore conducted MRgHIFU studies on phantoms and ex vivo tissue to enable in-depth characterisation of the thermal effects at and around the ribs lying in the HIFU near field (or pre-focal) using fluoroptic sensors inserted inside the rib's medullar cavity.
Material and methods

Instrumentation
Magnetic resonance guided high intensity focused ultrasound (MRgHIFU) studies were conducted using a whole-body 3T MR scanner (MAGNETOM Trio, A Tim system; Siemens, Erlangen, Germany, maximum gradient strength, 45 mT/m). A receive-only, single channel, loop coil of 11 cm diameter was used for MR data acquisition for experiments without rib protection, while a dedicated interventional 3-channel coil (Clinical MR Solutions, Brookfield, WI) with a central aperture enabling HIFU beam propagation was used for experiments with rib protection [29] . In the latter case, the HIFU beam propagated through this coil aperture. The HIFU device consisted of a phased array (256 elements) MR compatible transducer (Imasonic, Besancon, France) operating in the frequency range 974-1049 kHz, with natural focal length (radius) F ¼ 130 mm and aperture D ¼ 140 mm (F/D number ¼ 0.93), driven by a programmable 256-channel generator and a 2D positioning mechanism in the coronal (OxOz) plane with 0.5-mm accuracy (both from Image Guided Therapy, Pessac, France). The HIFU transducer was placed horizontally on the MR table and emitted vertically. The focal point position could be changed by electronic steering in a À3 dB revolution ellipsoid of axes 30 mm Ox, 30 mm Oz and 50 mm Oy around the natural focus. HIFU treatment planning and hardware control was achieved using ThermoguideÔ software (Image Guided Therapy). Further details concerning the HIFU platform are provided in the study by Auboiroux et al. [32] .
Four MR-compatible fluoroptic temperature sensors (STF-5, Luxtron, Santa Clara, CA, USA) were used to obtain a 'gold standard' temperature measurement, performed synchronously to MR thermometry measurements (see below). The optical fibre (0.8 mm diameter, 5 m long) terminated with a temperature-sensitive, fluorescent tip having a 0.5 C accuracy guaranteed by the manufacturer in the range of 0-295 C. The fluoroptic thermometry system (FOT LabKit, Luxtron), placed outside the MR room, was used to record the temperature of the optical probes. Measurements were recorded every second for each fluoroptic sensor using the associated software to interface with an external PC via the standard serial port.
MR thermometry
The Proton Resonance Frequency Shift (PRFS) thermometry [7, 33] method was used for high resolution measurement of the temperature elevation in the tissue (voxel size 1 mm Â 1 mm Â 5 mm) during each experiment. A conventional radiofrequency-spoiled segmented EPI gradient echo sequence (GRE-EPI) was implemented similar to Viallon et al. [34] . Three or four interleaved slices were acquired using the following main parameters: echo train length ¼ 5, TE (echo time) ¼ 11.2 ms, TR (repetition time) ¼ 32.2 ms, FA (flip angle) ¼ 12 , BW (bandwidth) ¼ 400 Hz/pixel, acquisition matrix 128 Â 128, water selective excitation using second order binomial pulses '1-2-1', no partial Fourier undersampling, temporal resolution 4 s. The orientation of the slices was adapted to the set-up and is described in the next section.
Preliminary in vitro study
An initial feasibility experiment was conducted in vitro in order to verify whether the spatio-temporal and temperature resolution envisaged are appropriate for monitoring the heating of a cylindrical structure with a mm-range thick wall. Our experimental tests on various materials (data not shown) indicated that sonicating a plasticised semi-flexible PVC (PVC-P) tube (Tubclair, Tricoflex, Rueil Malmaison, France) can mimic the temperature elevation around an ex vivo rib positioned in the HIFU near field. A segment of PVC-P tube of inner diameter 12 mm and wall thickness 2 mm was embedded in a 3-cm thick layer of 15% polymethylmethacrylate (PMMA) gel [35] . Once the polymerisation of the PMMA gel had finished, the tube was filled with degassed water and placed in the pre-focal zone (approximately 5 cm below the focus), then sonicated (180 W, 36 s) in order to observe the thermal build-up around the obstacle. MR thermometry was performed with three orthogonal slices (coronal, sagittal, transverse). The coronal plane was set at the level of the focus, which was positioned in ex vivo degassed turkey pectoral muscle, placed on top of the PAAM gel as a propagation medium. The transverse plane contained the longitudinal axis of the PE tube and the focal point. The sagittal plane therefore cut the tube perpendicularly. PRFS thermometry data was collected in the PAAM gel around the tube, but not at the tube wall itself nor in the water filling the tube.
Ex vivo studies
Intercostal HIFU treatments were performed ex vivo by placing degassed turkey pectoral muscle on a sample of freshly excised and degassed sheep thoracic cage. The ex vivo thoracic wall was positioned directly on the membrane of the HIFU transducer's water tank, or supported by polystyrene foam with an appropriate aperture, depending on the prescribed pre-focal height. Acoustic coupling was achieved using standard ultrasonic gel and degassed deionised water.
Prior to sonication, four fluoroptic fibres were inserted into the medullar cavity of four successive ribs. In order to achieve this, the medullar cavity was first perforated longitudinally using a 16-gauge/7 cm needle (Cook Medical, Bloomington, IN), see Figure 1 (A). Special care was taken to avoid perforating the cortical bone of the ribs. Secondly, after removal of the perforating needle, an identical needle was inserted back into the empty 'tunnel' created, in order to rinse this space with an MR contrast agent solution (1% gadolinium-DTPA, Dotarem, Guerbet, France) for MR image tagging. The tagging solution was slowly injected while retracting the needle, while maintaining the rib cage specimen vertical with the needle tip pointing up. This manipulation was necessary in order to avoid contamination of tissue elsewhere with the MR contrast agent. Note that if the cortical bone is perforated, the contrast agent would leak into the interstitial space compromising the ulterior MR image tagging. Thirdly, one optical fibre was carefully inserted into the medullar cavity of each rib, see Figure 1 ; 650 Hz; and spatial resolution of 0.9 Â 0.9 Â 0.9 mm 3 . Placing fluoroptic sensors on the surface of the ribs was not performed in this study because of experimental difficulties in accurately tracking them outside the ribs. The tagging method was not applicable outside the rib because the contrast agent solution tends to spread to various tissue interfaces. Nevertheless PRFS-based MR thermometry was considered a reliable method within the pericostal soft tissue.
The symmetry axis of the HIFU conical beam was prescribed to be intercostal, equally distant from two centrally exposed ribs. Single focal point sonications were performed at different levels of acoustic power and different durations (see Table 1 ). The distance between the focal point and the centre of the ribs (i.e. pre-focal height) ranged between 3.5 and 6.5 cm.
MR thermometry was performed with four orthogonal slices (two coronal, one sagittal and one either transverse or transverse oblique to coronal). The 3D MR T1-weighted data was used as background images for planning. One coronal slice (i.e. horizontal) was set to pass through the focus and another one through the best plane following the ribs, which are systematically incurved. The sagittal slice cut the ribs perpendicularly. This was precisely aligned to be tangent to the end points of the tagged 'tunnels', as visualised inside the ribs. Note that this registration is essential in order to guarantee that the sagittal MR thermometry slice and the fluoroptic thermometry sensors are correctly matched spatially, necessary for the interpretation of results. As the acoustic intensity varies as a spatially smooth function in the pre-focal region (ribs lying 3.5 to 6.5 cm below the focus), slight misalignment here or partial volume effect due to the finite MR slice thickness is not critical within a range of a few millimetres. The transverse MR thermometry slice symmetrically cut the intercostal space between the two 'central' ribs. If prescribed, the transverse oblique MR thermometry slice was jointly determined by the focus and one 'central' rib, thus directly visualising the thermal build-up along that rib. PRFS thermometry data was collected in the pericostal tissue and the top muscle, but not at the cortical or medullar bone of the rib where the T2* (uncoherent gradient echo transverse relaxation time) value was too low. The temperature time plots at the rib's facets (internal and external) were generated by spatially averaging the PRFS-induce phase shifts in the voxels adjacent to the rib's hyposignal (saggital slices) where the signal-to-noise (SNR) was superior to 5, proximal and respectively distal with respect to the HIFU transducer. Synchronised temperature measurement inside the rib medullar cavity using fluoroptic sensors was recorded during MR thermometry.
Optionally, a physical mask was inserted into the beam pathway, pre-focal and external to the sample in order to protect one of the two 'central' ribs directly exposed to the beam pathway, according to Salomir et al. [29] , see Figure 1 (G). The reflective material used for the shielding was engineered to scatter the incident beam and thus to block the energy normally directed to the rib. The multiple-step procedure for MR-guided alignment of the reflective strips with the conical projection of that rib is described in detail in Salomir et al. [29] . Finally, a 2D slice gradient echo sequence (GRE) FLASH was acquired (TE ¼ 10 ms, 0.5 mm in-plane resolution, 5 to 10 mm slice thickness, acquisition time 40 s), containing the prescribed position of the focal point and orientated perpendicular to the ribs, in order to control the accurate alignment of the protector, see Figure 1 (G). Note that the local cylindrical symmetry of both the rib and protector enables one to use thick perpendicular slices without loss of information and with improved SNR.
Results
In vitro pre-focal cylindrical obstacle interacting with HIFU Using the 'ideal geometry' phantom (i.e. PVC-P cylinder), PRFS MR thermometry showed isotropic thermal build-up (circular isotherms) around the perpendicular section of the obstacle, see Figure 2 (A). It is acknowledged that the thermo- MRT, magnetic resonance thermometry; N/A, not available due to perforation of the rib cortical bone during the preparation of the intra-medullar hosting 'tunnel' or accidental failure of the fluoroptic sensor.
acoustic parameters are individually different between ex vivo rib and PVC-P tube [36] ; however, the thermal build-up resulting from the parameter combination was found to be representative. These thermal patterns were rotationally invariant with respect to the direction of the incident HIFU beam. They reproduced the qualitative findings for animal and human ribs exposed to HIFU beams as reported by Salomir et al. [29] and Jung et al. [22] . Heating patterns along the long axis of the obstacle were mainly parallel to that axis, see Figure 2 (B), emphasising similar temperature elevation along the obstacles proximal or distal (with respect to the HIFU transducer) facet inside the beam cone. 
Ex vivo pre-focal thoracic wall interacting with HIFU
The first important observation, evident in every experiment performed, was the near-isotropic distribution of the thermal build-up around the pre-focally sonicated ribs, measured in the perpendicular sections (see Figure 3) . A second important observation, applicable to all situations where the ribs were unprotected, was that the pericostal temperature elevation was comparable to the focal point temperature elevation, the latter being significantly always inferior to the temperature elevation measured inside the rib medullar cavity (see Figure 4) . A third observation, again valid for every experiment performed, concerns the spatial profile of the hybrid measurement of fluoroptic/MR temperature elevation at and, respectively, around the rib in the perpendicular plane. That is, a Gaussian shape can smoothly connect the pericostal measurements acquired using MR thermometry to the intramedullar measurement acquired using the fluoroptic sensor, the latter representing the central peak value of the Gaussian function, see Figure 5 . A synthesis of the ex vivo results is presented in Table 1 .
The ratio between the temperature elevation at the external rib facet versus that at the internal rib facet, determined from 30 independent experiments using pericostal MR thermometry, was found to be 1.15 ± (SD) 0.33, see Table  1 . This result indicates a slight tendency for preferential heating at the external facet (with respect to the HIFU transducer) (see Figure 4) , however, it is not statistically significant. Overall, the external and internal facets of the ribs and their respective adjacent structures should be considered as being exposed to similar risks during intercostal MRgHIFU ablation.
Moreover, the 'gold standard' temperature elevation measured inside the medullar cavity of the rib by the fluoroptic sensor was significantly higher than the value estimated in the pericostal tissue by MR thermometry (measured in a soft tissue layer, as close to the rib as possible while maintaining sufficient SNR). The ratio between the true intra-medullar temperature elevation and the nearest pericostal MR thermometry estimation, determined from 18 independent experiments with varying values for acoustic power and duration, was found to be 4.16 ± 2.84 (SD), with a minimum-maximum range of 1.4-9.9.
For the rib protected using external mask shielding, the temperature elevation measured inside its medullar cavity was significantly lower than on the unprotected rib (see Figure 3F The use of rib shielding yielded a discontinuation of the first order temporal derivative of the cooling temperature curve recorded by the intra-medullar sensors (see arrow in Figure 4A ). As the medullar cavity is centrally masked by the protector and therefore optimally shadowed from the HIFU beam, little energy is directly deposited there and this energy rapidly dissipates after the sonication end point. This initial 'intrinsic' relaxation corresponds to the first segment of the post-sonication temperature curve that drops off relatively rapidly. Further relaxation is limited by the surrounding temperature of the unshielded pericostal tissue that was weakly and directly heated by the HIFU beam.
Discussion
This study was aimed to explore in depth the thermal phenomena generated by pre-focal interactions between a HIFU beam and the rib cage. High resolution multi-planar MR thermometry and intra-medullar fluoroptic sensors were used for this purpose. We investigated quantitatively and confirmed here the phenomena involved in pericostal thermal lesions that were qualitatively reported previously by Jung et al. and Salomir et al. [22, 29] .
We report near isotropic heating of the rib perimeter in the perpendicular section, which appears to be insensitive to the direction of the incident beam within that plane. Therefore, structures located behind the rib cage (e.g. diaphragm, liver) would suffer serious thermal lesions in places where they are in contact with the rib, if no rib-sparing strategy is used.
In this study, the focal point temperature elevations were low to moderate, as the delivered acoustic energy was deliberately limited to avoid heating the intra-medullar rib above 100 C. Table 1 indicates the relative changes in temperature; the absolute intra-medullar temperature measured in this study did not exceed 80 C when integrating the room temperature baseline. Temperatures greater than 100 C should be avoided as tissue vaporisation would modify the physical process involved, as well as introducing potential PRFS thermometry artefacts.
An important observation arising from this study concerns the use of the pericostal PRFS temperature estimation in soft tissue adjacent to the rib as a measure for the thermal risk of the rib itself. When comparing the pericostal thermometry with the true intra-medullar temperature provided by the 'gold standard' sensors, a significant difference is noted, greater than a multiplicative factor of 4 on average. This implies that PRFS temperature monitoring in the pericostal soft tissue should be performed very conservatively, as the true temperature inside the rib is much higher. An important question is whether the fluoroptic sensor indicated the real temperature of the medullar bone, or whether this measurement was biased, for example due to direct ultrasound Figure 5(A) . The dotted line corresponds to the slope at the origin expressed in Equation [9] . absorption and thus heating of the sensor above the true temperature of the biological tissue. To eliminate potential misinterpretation we have analysed the cooling curve of the temperature with respect to time as provided by the sensor after the sonication end point, see the Appendix for details. Given the small size of the sensor tip (less than 1 mm) and the known thermal diffusivity in bone (0.24 mm 2 /s) [37] , the thermal specific relaxation time of the sensor tip, if immersed in a colder environment, must be very short; this was not observed in our studies. The experimentally observed relaxation time of the temperature, measured by the fluoroptic sensor without rib shielding, closely matched the theoretical prediction for the dissipation of a Gaussian thermal build-up for the size of ribs used in our experiments. Another argument that substantiates the sensor data is that a Gaussian shape can be fitted to the spatial profile of the temperature, smoothly connecting the pericostal PRFS measurements with the value provided by the sensor, which represents the central height of the Gaussian function (see Figure 5) . A subsequent conclusion is therefore the existence of a steep temperature gradient at the cortical bone layer of the rib, a value as great as 10 C/mm was measured in our experiments. The existence of such strong temperature gradients would be a potential source of MR thermometry underestimation according to Todd et al. [38] if finite resolution MR thermometry was performed directly in the rib.
As the temperature rises simultaneously pericostally and intramedullarly (see Figure 4) , i.e. no reciprocal time delay, with the highest temperature elevation being inside the rib over the pericostal region we can conclude that the acoustic energy penetrates the rib and directly heats the osteal tissue. In our non-perfused ex vivo model, the temperature elevation inside the rib exceeded the temperature elevation at the focus, for rib to focus distances ranging from 3.5 to 6.5 cm and using a spherical transducer of F-number equal to 0.93.
The original report describing the method for external shielding of ribs [29] measured a reduction factor of thermal deposition on ribs of 3.3 ± 0.4 (SD) based on pericostal MR thermometry average estimations. For the present study, the protecting effect was assessed using 'gold standard' sensors inserted inside the ribs, as illustrated in Figure 1(B) , and the reduction factor of the intra-medullar temperature elevation 3.45 ± 0.36 (SD) was found to be very close to the initial value.
Numerical modelling of the physical interactions between the pre-focal HIFU beam and the rib cage was beyond the extent of this report, considering that, to the best of our knowledge, limited information has been published on the fundamental physics involved. One recent report [39] calculated acoustic pressure distributions and heat dissipation patterns to evaluate the safety limits using combined electronic steering and the binarised apodisation law for phased array element excitation during intercostal liver ablation. The model was based on a discretisation of the linear acoustic wave equation in heterogeneous absorbing media, including mode conversion into share waves [40] . Their calculations (see Figure 12 in Marquet et al. [39] ) suggest that electronic steering influences the maximum temperature at the rib; however, they did not predict the internal/external symmetry of rib heating, e.g. the similar thermal history of the internal versus external rib facet, as experimentally measured here.
In an experimental study on non-embalmed human adult cadavers, Abrams et al. measured the geometric parameters of the cross sections of ribs three to nine [41] . The typical range of the height and width of each cross section was found to be 6-8 mm and 11-13 mm respectively, with a through-population standard deviation of approximately 25%. Similar values are provided in Mohr et al. [42] . Our ex vivo sheep specimen had typical height and width cross sections in the range of 5-6 mm and 9-11 mm respectively, see Figure 1(C)-(G) . These values are smaller but nevertheless similar to an adult patient case. The intercostal space (12.3 ± 2.9 mm [43] ) for adult humans is similar to that of the sheep thoracic cage used in this study (12 to 16 mm).
Our present results are not considered to be directly transposable as they are to other larger bones (e.g. femur, pelvis) potentially concerned by palliative MRgHIFU ablation of bone metastases. Ribs have a particular anatomy with a thin cortical bone, whose thickness is in the order of 1 mm for human ribs [41, 42] as well as for our experimental ex vivo set-up. Considering the shear sound speed ¼ 1500 ± 140 m/s and longitudinal sound speed ¼ 2820 ± 40 m/s in cortical bone [44] the respective acoustic wavelengths at 1 MHz are greater than the thickness of the rib cortical bone, possibly involving evanescent waves.
Considering the abdominal ablation of a patient using extracorporeal HIFU in clinical conditions, respiratory motion would mainly affect the target region, with little or no motion of the rib cage, depending on the posture of the patient [45, 46] . Since the acoustic pressure has a smooth spatial profile in the pre-focal region, local motion of the ribs relative to the HIFU beam would not have a significant effect on their accumulated thermal build up. The thermal contrast between the focus and rib in vivo using active tracking of motion in the liver will be worse than that reported in our static ex vivo results, due to imperfect target motion tracking caused by finite temporal and spatial sampling.
Although our set-up involved ex vivo samples, 'active' heat sink at the tissue layer proximal to the transducer occurred during sonication as the acoustic radiation impulse induced streaming in the coupling water. To achieve a more sustained active cooling, dedicated devices for active surface cooling should be integrated into the therapy set-up. Such approaches are mostly of interest for skin protection and may have limited efficacy for deeper tissues, especially when highly absorbent such as the rib cage.
Some limitations of the present study have been identified. The achievable MR thermometry resolution using a clinical 3T MR scanner and standard loop coil was limited to 1 mm in plane. This is significantly smaller than the size of a perpendicular section through a rib (6 to 10 mm); however, the effect of discrete spatial sampling of the thermal build-up is non-negligible. The visual definition of the pericostal layer nearest to the rib (see Figure 3D ), using the magnitude data from the GRE-EPI thermometry sequence and applying the criterion of sufficient SNR for those pixels such that conventional PRFS will work, potentially introduces operator-dependent fluctuations in the measured average temperature at the external and internal facets. Furthermore, it cannot be guaranteed that the fluoroptic sensor is positioned perfectly central in the medullar cavity of the ribs, as its precise location depends on mesoscopic irregularities induced by the mechanical perforation of the 'tunnel'. To minimise the radial sensor positioning error, we used perforating needles of outer diameter (1.35 mm) only minimally greater than the sensor diameter (0.8 mm). Multiple experiments were conducted, exploiting the data of two 'central' ribs per experiment. The statistical power of our multiple data sets available is considered sufficient to quantitatively support our conclusions.
The potential clinical implications of ultrasound-induced rib heating [22] are: (1) modification of the trabecular structure of the bone, potentially yielding pathological fractures, and (2) severe burning of pericostal soft tissue potentially yielding liquefaction and subsequent superinfection. The experimental findings reported here motivate further efforts to transfer effective rib-sparing strategies to clinical routine.
Conclusion
Frequent and severe pre-focal side effects at the rib cage during hepatic HIFU sonication have already been described in the literature [22] . Our study provides experimental insights concerning the ex vivo thermal effects at and around the ribs interacting with the pre-focal (or, near field) HIFU beam. MR imaging-based monitoring of the pericostal soft tissue temperature should be performed very conservatively, as the true temperature inside the rib is in fact much higher than that measured in the pericostal region.
At the central axis y ¼ 0, where the temperature is directly measured by the optical fiber as the 'gold standard', we can write:
The squared and inversed normalised cooling curve at the central axis is finally given by:
The initial slope of the left hand side of expression [9] is calculated as:
where is an average estimator of the size of the thermal build-up at the rib at the sonication end point. Note, neither half-axes x and y can be determined from a single optical fibre measurement. From Equation 9, we can express this estimator as a function of the thermal diffusivity and the initial slope of the squared and inversed normalised cooling curve at the central axis:
In our experiments (see plot in Figure 6 ) the typical value for tan() was found to be 0.0412 s À1 and using an average reported value for D in bone D ¼ 0.24 mm 2 /s (thermal diffusivity inside the rib) and soft tissue [37] D ¼ 0.13 mm 2 /s (thermal diffusivity outside the rib), yielded the size estimator value of ¼ 4.18 mm. This corresponds to a FWHM value of 9.8 mm that is more than 10 times larger than the diameter of the optical fibre tip itself (0.8 mm) and is in good agreement with the measured spread of the thermal build-up at the rib at the sonication end point (see Figure 4 ).
In conclusion, the cooling curve (or thermal relaxation) measured by the optical fibre is theoretically demonstrated to be representative of the tissue temperature at the central axis of the rib. If the very thin optical fibre was directly heated by the HIFU beam, its thermal relaxation time post-sonication would be much shorter according to thermal physics.
